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Abstract Artificial adamite [Zn2(AsO4)(OH)] is a convenient structural model because it is isostructural with other
rock-forming minerals in secondary ore deposits formed in
cementation zones. Microbial activity in these zones accelerates mineral biogeochemical deterioration and metal
release, and our results confirmed that Pseudomonas,
Rhodococcus and Cupriavidus strains accelerate adamite
leaching by 10 to 465 times compared to controls. Here,
the Pseudomonas chlororaphis ZK-1 bacterial strain in a
static 42-day cultivation proved more effective than
Rhodococcus and Cupriavidus by leaching over 90% arsenic and 10% zinc from adamite in one-step in vitro. We
evaluated adamite with the VESTA visualization system
for electronic and structural analysis, and our results

enhance understanding of zinc and arsenic biogeochemical
cycles and mobilization, and highlight bacteria’s beneficial
natural and biotechnological application in environmental
geochemistry and biohydrometallurgy.
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1 Introduction
Interactions between microorganisms and (in)organic
compounds at different hierarchical levels in natural
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systems are important for a wide range of natural processes and for advances in environmental geochemistry
and biotechnological applications, especially in
biohydrometallurgy and bionanotechnology (Brierley
and Brierley 2013; Gadd 2007; Hlodák et al. 2015;
Kolenčík et al. 2014; Liu et al. 2015; Rao et al. 2010;
Srichandan et al. 2014; Urík et al. 2007; Vera et al.
2013). The most beneficial green biohydrometallurgical
procedures therefore mimic natural metal biogeochemical cycles (Kolenčík et al. 2014).
While convenient pyro- and hydrometallurgical techniques provide relatively high metal-extraction efficiency, they also require extensive energy resources and
often generate vast amounts of environmentally detrimental compounds. In contrast, bacteria and fungi have
low energy requirements and accelerate the release and
recovery of metals and metalloids from a wide range of
solid substrates without generating environmentally
hazardous materials (Kolenčík et al. 2014; Urík et al.
2007). This improvement is mainly due to the natural
character of biologically induced transformation of solid
substrates in the presence of microbes.
Metal mobilization from symmetrical crystals results
from the effects of internal and external physio-chemical
forces. These include temperature, pressure, ionic
strength, and pH and also the presence of microorganisms and other active catalysts and reagents such as
oxygen and carbon dioxide (Gadd 2007). One problem
with microorganism use, however, is their transformation and destruction of minerals hundreds of times more
efficiently than natural abiotic factors (Kolenčík et al.
2014; Urík et al. 2014).
Crystal disintegration is predominantly found on reactive surface grain boundaries and microstructures. In
microbial interactions, these areas are located in direct
and indirect biochemilithic zones, mostly in substitution
positions, vacancies, dislocations and structural defects,
displacement gradients, non-linearity and other crystal
structure modifications (Favero-Longo et al. 2005,
2013; Xu et al. 2014).
Microbial interaction with solid surfaces involves
physio-chemical reactions with varying kinetic states.
These are controlled by quorum-sensing activities (Diao
et al. 2014a; Kim et al. 2012; Stoodley et al. 2002) and
interfacial phenomena and interaction between atoms in
the crystal structure (Diao et al. 2014a, b; Gadd 2007;
Teitzel and Parsek 2003). The complexity of this process
has proven difficult to describe mathematically, and few
studies have modelled theoretical concepts of bacterial

Water Air Soil Pollut (2017) 228: 224

colloidal adhesion on the solid substrate surface and
introduced physio-mathematical adhesion force calculations based on Gibbs free energy (Diao et al. 2014a;
Kim et al. 2012; Stoodley et al. 2002). However, the
relatively new Vesta software visualization program for
structural models, volumetric electron/nuclear densities
and crystal morphology is now available to evaluate
physical quantities and identify the weak bonds in crystal structure which preferentially deteriorate under heterotrophic bacterial activity (Momma and Izumi 2011).
Surface topography is destroyed by microorganism
acidification, alkalization, redox reactions and complexed metabolites, and they also bioleach elements
from the solid substrate into the surrounding environment. While lithotrophic, acidophilic and neutrophilic
bacteria applied to sulphide minerals provide most efficient metal bioleaching (Diao et al. 2014a, b; Gadd
2007; Rao et al. 2010), microscopic fungi are more
effective in silicate mineral processing (Kolenčík et al.
2014). Herein, we examine which microorganism type
is more effective for specific substrates, as this remains
the object of extensive laboratory and field experiments
(Rao et al. 2010; Zammit et al. 2012). These studies
provide experimental outcomes on microbial leaching
efficiency affected by various external and internal factors based on leaching in a single-step microbial process
and dual-step separated extracellular metabolites and
enzymes (Gadd 2007; Kolenčík et al. 2014; Rao et al.
2010; Zammit et al. 2012).
Many bioleaching studies concentrate on extraction
of economically profitable metals from ores containing
metal sulphides, oxides, hydroxides, silicates and secondary residues of industrial treatment (Brierley and
Brierley 2013; Karimi et al. 2010; Rao et al. 2010),
and they omit bioleaching of thermodynamically stable
environmental phases in post-secondary processes.
These include arsenic and zinc bioleaching by heterotrophic bacteria, and while arsenic released into solution
is considered an environmental hazard, zinc potential
toxicity depends on exposure concentration. Although
these metal(loid)s are not included in the most economically profitable group, heterotrophic bacterial leaching
is a promising bio-hydrometallurgical alternative for
their recovery.
The aim of our study therefore focuses on potential
applications of specific Gram-positive and Gram-negative
heterotrophic bacteria in leaching zinc and arsenic from
adamite [Zn2(AsO4)(OH)]. This process occurs naturally
in old mining and recently contaminated sites and in
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secondary ore deposits with cementation zones
(Kolenčík et al. 2011). This is a most convenient model
because adamite is isostructural with significant rockforming minerals including andalusite [Al2(SiO4)O)]
(Burt et al. 2006) and secondary copper
hydroxyphosphate libethenite [Cu2(PO4)OH] (Hazen
and Finger 1979; Xu et al. 2014). Our experiments on
bacterial heterotrophic leaching precisely determined
adamite’s detailed morphology using scanning electron
microscopy (SEM), X-ray diffraction (XRD) and VESTA visualization of the structure and distribution of
internal, interatomic bonds, spatial vectors, polyhedral
angles and adamite bonds.

2 Material and Methods
2.1 Adamite Preparation
Adamite crystals were prepared by heating the reactant
mixture under reflux conditions for 5 h (modified
Toman 1978).
Synthesis required stoichiometric composition of
adamite Zn 2AsO 4 (OH) in the reaction system of
Zn(NO 3)2–Na2HAsO4–NaOH–H2O, with n(Zn 2+ )/
n(OH−)/n(AsO43−) molar ratio of 2:1:1. The reactants
were mixed in the following quantities: 80 ml H2O,
10 ml 1 mol l−1 Na2HAsO4, 20 ml 1 mol l−1Zn(NO3)2
and 5 ml 1 mol l−1NaOH. The crystalline phase was
separated by filtration and subsequently washed with
redistilled water, and total adamite Zn and As content
was determine d by galv anostatic disso lv ed
chronopotentiometry following digestion in concentrated HNO3.
The VESTA program provided design and visualization of adamite crystal morphology and interstructural
integrity (Momma and Izumi 2011). The model was
designed on X-ray diffraction data, and VESTA determined the three-dimensional distribution of volumetric
data, atoms, polyhedral interatomic distances, crystal
structure, electron density and isosurface.
2.2 Bacteria Isolation and Cultivation
The following seven bacterial strains of Pseudomonas,
Rhodococcus and Cupriavidus genera were used in
bioleaching experiments: maintained at 4 °C on nutrient
agar slants with 1% gelatin, Pseudomonas chlororaphis
ZK-1, Pseudomonas sp. ZK-3, Pseudomonas monteilii
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CCM 3423, Pseudomonas sp. SL-2, Rhodococcus sp.
CCM 4446, Cupriavidus metallidurans CCM 7663T
and C. oxalaticus CCM 7669T.
Pseudomonas chlororaphis ZK-1 and Pseudomonas
sp. ZK-3 were isolated in 2013 from arsenic contaminated anthropo-soils buried in fly ash deposits at
Zemianske Kostoľany, Slovakia (Peťková et al. 2014).
These anthropogenic sediments contained high concentrations of toxic and potentially toxic Hg, Cu, Cd, Pb
and As elements (Jurkovič et al. 2011; Šimonovičová
et al. 2017).
Pseudomonas SL-2 was obtained from mine drainage in Slovinky (Slovakia), with high 8.6 alkaline pH
and excess environmentally hazardous As, Sb, Hg, Cu,
Fe, Mn, Ba, Al and Pb elements (Kučerová et al. 2014;
Šimonovičová et al. 2004).
Pseudomonas monteilii CCM 3423 and
Rhodococcus sp. CCM 4446 in soils contaminated with
aromatic hydrocarbons were from the Czech Collection
of Microorganisms (CCM) (Damborský and Koča
1999; Hoľama and Augustín 1980). Their ability to
biodegrade and bio-accumulate toxic and potentially
toxic metals and organic compounds was confirmed
(Kašáková et al. 2012; Vojtková 2014), and our experiments also examined the C. metallidurans CCM 7663T
and C. oxalaticus CCM 7669TCupriavidus bacterial
strains deposited at CCM.
All were selected as suitable bacterial models because of their excellent resistance to toxic metals, including arsenic (Kirsten et al. 2011; Peťková et al. 2014;
Vojtková et al. 2014).
2.3 Bioleaching Experiments
Bioleaching was in 45 ml Trypton soya broth medium
(HiMedia Laboratories, Mumbai, India) in 100-ml Erlenmeyer flasks with 50 mg artificial adamite and
autoclaved at 120 °C for 15 min. Initial culture medium
pH with suspended adamite was 7.3 ± 0.2, and it was
inoculated with 5 ml of bacterial culture in exponential
growth phase. Bacterial cell suspensions were prepared
from pure cultures at 1.28–1.36 × 1010 CFU/ml. Microorganism efficiency in bioleaching As and Zn from
adamite was compared to leaching by redistilled water
and bacteria-free Trypton soya broth medium after this
was autoclaved at 120 °C for 15 min. Analogical cultivation conditions in each treatment had the same proportion as the solid phase, where 50 mg in 50 ml of
culture medium or water was applied. Laboratory
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bioleaching was at 25 °C for 42 days; as in the in vitro,
one-step static cultivation, experiments were in triplicate
for reproducibility, and the solid residues and cells after
42-day cultivation were separated from culture medium
by filtering through a 0.45-μm cellulose membrane filter
(Membrane Solutions LCC, China). The solid phase
was then washed with additional redistilled water to
100 ml filtrate volume.
2.4 Materials
All chemicals were in p.a. quality: Na 2 HAsO 4 ,
Zn(NO3)2·6H2O, NaOH, concentrated HCl and HNO3
(Merck KGaA Co., Germany). Trypton soya broth and
trypton soya agar (HiMedia Laboratories Ltd., Mumbai,
India) with the following components cultured the
strains to 1 L final volume at 25 °C and 7.3 ± 0.2 pH:
17 g pancreatic digest of casein, 3 g papaic digest of
soyabean meal, 5 g sodium chloride, 2.5 g dextrose and
2.5 g dipotassium hydrogen phosphate.
2.5 Analysis
Zn and As leachate concentrations were determined by
galvanostatic dissolved chronopotentiometry on
EcaFlow 150 GLP flow-through electrochemical
analyser (Istran, s.r.o., Slovak Republic). Inorganic
As(V) and Zn(II) were electrochemically transferred
from the sample solution to gold and carbon electrodes
at suitable constant deposition current (manufacturer
manifesto; Istran Ltd., Bratislava, Slovak Republic).
Deposition was then stripped galvanostatically, and
chronopotentiogram stripping evaluated.
Determination of solid phase crystal structure prior to
bioleaching was by BRUKER D8 Advance XRD diffractometer (Bruker AXS, GmbH, Germany) in Theta2Theta Bragg-Brentano geometry with
λα1 = 1.54060 Å Cu-anticathode. Ni Kβ filters stripped
Kβ radiation on primary and diffracted beams, and data
was collected by the BRUKER LynxEye detector, with
0.01 2T step-size, 1 s single step-time and 4–65° 2T
measurement range (Števko et al. 2009). Measured data
was then evaluated by DIFFRACplusEVA software
(Bruker 2010).
Solid phase crystal morphology and particle size
distribution prior to bioleaching was characterized by
SEM JXA 840A microscope (JEOL, Japan). This was
equipped with energy-dispersive X-ray spectroscopy
(EDS), and optimized measurement parameters were
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set at 15 keVaccelerating voltage and 5–10 nA sampling
current for (EDS) chemical analysis. Here, a carbon
layer was applied on the adamite surface by conventional coating unit to ensure the best sample analysis. Assessment of the morphology of similar determined crystals was constructed in VESTA, and the extrapolated
morphological design for precise structural parameters
was taken from X-ray diffraction analysis. This included
space groups, structural fraction coordinates and parameters, Miller indices and distance from the crystal centre.

3 Results and Discussion
3.1 Bacterial Mobilization of Toxic Metal(loid)s
and Other Biotransformation Processes
Chemical analysis of leachates (Table 1) showed that the
most effective zinc leaching strain was bacterium
P. chlororaphis ZK-1. This strain extracted 11.1% zinc,
followed by the 7.6% extraction efficiency of Pseudomonas sp. ZK-3 strain. Both strains were isolated from
the contaminated soils on the fly ash disposal site containing high levels of arsenic and other metals (Peťková
et al. 2014). In contrast, P. monteilii CCM 3423 and
Rhodococcus sp. CCM 4446 strains isolated from organic contaminated areas (Vojtková et al. 2014) leached
only 2.8 and 4.9% of zinc, respectively. It is most likely
that species isolated from the metal contaminated locality exhibited higher tolerance to zinc and arsenic toxicity. This effect of microbial adaptation is well-known
(Dönmez and Aksu 2001), and we therefore suggest that
the decreased metabolic activity in non-adapted bacterial strains resulted in low leaching efficiency due to
higher sensitivity to toxic metal(loid)s and a decrease
in metabolic activity (Karimi et al. 2010).
Our experiments failed to confirm the effectiveness
of C. metallidurans CCM 7663T bacterial species which
was previously established as significantly resistant towards metals and metalloids (Guiné et al. 2007; von
Rozycki and Nies 2009). Zammit et al. (2012) also
reported this strain technologically promising in
biohydrometallurgical recovery of metals such as Au
from low grade ores. The activity of C. oxalaticus
CCM 7669T in long-term biological zinc leaching was
also low, and this is most likely related to the knowledge
that the best zinc extraction was achieved by bacterial
strains isolated from contaminated areas. This is a relevant strategic advantage associated with bacterial
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Table 1 Concentration of arsenic and zinc from adamite before and after bioleaching in vitro, static experiment using different kind of
selected bacteria
Solid phase/leaching, or bioleaching agent

Adamite (solid phase)
P. chlororaphis ZK-1

Total element concentration, post-leaching or bioleaching ± SD (g kg−1)

Recovery (%)

Zn

Zn

22.8 ± 1.1
2.5 ± 0.01

As

As

13.1 ± 0.5

–

–

12.1 ± 0.01

11.1

93.1

Pseudomonas sp. SL-2

0.98 ± 0.002

9.6 ± 0.003

4.31

73.1

P. monteilii CCM 3423

0.63 ± 0.002

5.6 ± 0.001

2.78

42.9

Pseudomonas sp. ZK-3

1.74 ± 0.003

5.3 ± 0.001

7.60

40.4

Rhodococcus sp. CCM 4446

1.12 ± 0.01

4.2 ± 0.002

4.93

32.2

C. metalliurans CCM 7663T

0.61 ± 0.001

5.8 ± 0.001

2.66

44.7

C. oxalaticus CCM 7669T

0.47 ± 0.001

6.0 ± 0.002

2.05

45.9

Redistilled water

0.22 ± 0.003

0.13 ± 0.004

1.0

1.0

Bacteria-free culture medium

0.43 ± 0.001

0.03 ± 0.007

0.2

0.2

5.2 ± 1.0

4.7 ± 0.2

22.7

35.7

Aspergillus nigera
a

Data published in Kolenčík et al. (2011)

adaptation mechanisms on the genomic level and the
increased abundance of plasmids. These factors determined successful tolerance to arsenic and zinc in the
surrounding environment (Chen et al. 2006).
Bacterial zinc and arsenic extraction was also compared to control experiments with redistilled water and
bacteria-free culture medium, where less than 1 and
0.18% total zinc in adamite and less than 1 and 0.22%
total arsenic were extracted. No significant difference in
crystallographic data (Fig. 3b) was detected regarding
original X-ray diffraction analysis of adamite in the
redistilled water control (Fig. 3a). Similar leaching efficiency of adamite was presented in Kolenčík et al.
(2011), thus suggesting that the content of extracted zinc
and arsenic in adamite-water and adamite-bacteria-free
cultures depends on their solubility equilibrium concentrations gradually reached during incubation. As indicated, arsenic and zinc leaching efficiency by water and
bacteria-free culture medium was negligible (Table 1),
with the equilibrium significantly shifted towards the
adamite solid phase in these control systems.
While arsenic extraction efficiency ranged from 45.9
to 93.1%, less than 11.1% zinc was leached from
adamite, thus indicating the different bacterial biotransformation ability for these elements.
It is likely that bioleaching processes were responsible for zinc transformation into the bioavailable form.
Zinc is an essential element, and therefore, its geochemical behaviour can be significantly affected by bacteria

via its immobilization. This process occurs on the intracellular level leading to zinc bioaccumulation (Guiné
et al. 2006), and also on localized highly specific interfaces between the outer bacterial membrane and the
external environment (Guiné et al. 2006).
We set a relatively extended experimental course so
that gradual degradation of the bacterial cultures could
occur by cell lysis, with potential reverse release of zinc
into the solution. This method is supported by
Limcharoensuk et al. (2015) who reported that
prolonged bacterial cultivation led to decreased cellular
zinc concentration. Furthermore, each of the selected
bacterial species exhibited individual capacity to accept
and transform specific amounts of zinc in their biochemical processes (Chen et al. 2006). We do not consider
that bioaccumulation processes in the cytoplasm or intracellular sequestration could have a more pronounced
influence on the process of zinc immobilization, and
again, this is supported by Zeng et al. (2012) who found
zinc preferentially deposited in bacterial cell walls. Although zinc binding can also occur on the cell membrane surface (Ahalya et al. 2003), bacteria’s excreted
extracellular metabolites have a significant impact on
zinc immobilization (Yue et al. 2015).
Some study species could excrete extracellular polymeric substances (EPS) to activate the mineral surface in
the initial stages of colonization. These formed the
following bonding: Lifshitz-van der Waals forces and
hydrogen and covalent bonds (Diao et al. 2014a, b).
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They also had the capacity to excrete varying amounts
of organic acids and other metal-complexing substances, so these may either stabilize metal-soluble complexes in solution or lead to precipitation of complexes
with a low solubility constant into thermodynamically
stable biominerals (Kolenčík et al. 2011).
Extracellular crystallization is also supported by Pseudomonas genus bacteria excreting oxalic, citric and
gluconic acids (Khammar et al. 2009; Rao et al. 2010).
In addition, Rhodococcus genus releases uronic and
mycolic acids (Rao et al. 2010) and Cupriavidus
oxalaticus secretes oxalic acid (Bravo et al. 2011). We
therefore conclude that the proportion of metalcomplexing agents plays a significant role in Zn stabilization in the solution (Mejias Carpio et al. 2016).
P. chlororaphis ZK-1 proved most efficient at heterotrophic leaching of both arsenic and zinc; with extraction
efficiency of over 93% of the total adamite As content.
This was followed by Pseudomonas sp. SL-2 with 73.1%
leached arsenic, but other Pseudomonas strains were not
as effective, achieving only approximately half the
P. chlororaphis ZK-1 and Pseudomonas sp. SL-2
bioleaching capacities. These include P. monteilii CCM
3423 (42.86% of As) and Pseudomonas sp. ZK-3
(40.36%). While C. metalliurans CCM 7663 leached
44.74% arsenic and C. oxalaticus CCM 7669 45.94%,
Rhodococcus sp. CCM 4446 recorded the minimum
32.24%. In contrast to our conclusions for zinc, while
we do not consider significant extracellular transformations of arsenic, intracellular transformation is also possible because arsenic is a potentially toxic element
(McClintock et al. 2012). Arsenic’s bacterial uptake is
limited or is efficiently excluded from the intracellular
environment via efflux pumps or different transport proteins (Mukhopadhyay et al. 2002). Arsenic in the cytosol
activates various mechanisms for elimination, including
arsenic biovolatilization (Chen et al. 2013), and therefore,
we assume that arsenic was partly biovolatilized in our
experiments. This process was established in a Pseudomonas genus study by Chen et al. (2014).
Our results imply partial disintegration of the original
adamite crystal structure, and bacterial zinc leaching
agrees with adamite bioleaching by the microscopic
A. niger fungus with 4.4% zinc leaching efficiency after
42 days cultivation (Kolenčík et al. 2011). While this
suggests that the zinc biotransformation process led to
its immobilization as oxalates (Kolenčík et al. 2011), it
can also immobilize in other stable forms of organic
salts, for example, as malonates or other organic acid
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salts synthesized in the Krebs’ cycle. With the exception
of Rhodococcus sp. CCM 4446 mobilizing only 32.24%
arsenic, all bacterial species were more efficient than
A. niger strain which leached 35.7% (Kolenčík et al.
2011). This implies that bacteria are superior to fungi in
mobilizing arsenic.
3.2 Assessment of Adamite Physical Quantities
Zinc arsenate hydroxide–adamite with typical morphology (Fig. 1), chemical characteristics (Fig. 2) modelled
shapes (Fig. 1) and crystal structure (Figs. 3 and 4) was
obtained. This was based on estimated stoichiometric
parameters and molar concentration of reactants, and
Fig. 1 SEM analysis highlights that adamite morphology is divisible into the following available forms: (1)
columnar appearance with typical prism planes and
Miller indices (110) situated in the vertical c-axis direction (Fig. 1). This terminates in the horizontal direction
by pyramidal (101) or prismatic planes (001) (Fig. 1).
Particles have size range from 10 to 100 μm and occur
in approximately 80% of the entire morphology distribution; (2) tabular crystal form with dominant basal
planes of type (001) oriented in the vertical c-axis direction (Fig. 1). This is a less frequent phase at approximately 10% of the entire distribution, and there is
smaller particle size distribution of 10 to 30 μm and
(3) various aggregates and crystals growing along the
general prismatic plane (110) or developing from the
central grown portion (Fig. 1). While the average size of
these aggregates is between 20 and 50 μm, individual
crystals are usually less than 10 μm, with 10% distribution of the total sample volume.
Studies by Hazen and Finger (1979) and Xu et al.
(2014) report almost every symmetrical solid structure
being gradually chemically or mechanically destroyed.
Adamite destruction in our experiment was most likely
connected with surface interactions accelerated especially by biofilm-mode-of-action and the relative influence of substrate Bparameters^ of smaller individual
particles at 10 to 30 μm. These disintegrated before
larger ones, highlighting that surface area to particle size
ratio significantly affects the order of particle disintegration (Favero-Longo et al. 2005, 2013). Aggregate disintegration order depends on type, as in non-parallel
grown point crystals and aggregates grown along prismatic planes (110). This is supported by the existence of
twin growth planes and intergrowth microstructures, as
the less energetically stable forms which are destroyed
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Fig. 1 Different types of adamite
morphology before bio-leaching
treatment which is visualized by
secondary electron microscopy
(SEM). Inset: morphological
interpretation of adamite
constructed in VESTA program
according to SEM determination
present (i) first morphological
type of adamite (column-like
crystal) and (ii) second
morphological type of adamite
(tabular-like crystals)

(Favero-Longo et al. 2005). For symmetrical structures
and stoichiometric pure forms with crystallographic parameters and approximately identical surface and no
significant physio-chemical heterogeneities and differences, we contend that individual crystal destruction
occurs primarily in plane dimension crystals with dominant, prolonged size in one direction. This corresponds
to columnar crystals with a dominantly exposed vertical
c-axis side, comparable to the horizontal aspect. In
morphological terms, tabular crystals with dominant
basal planes appear the most stable habitus, most likely
due to surface area to particle volume ratio.
The X-ray diffraction pattern in Fig. 3a depicts
adamite artificial crystalline phase with orthorhombic
Fig. 2 Energy-dispersive X-ray
microanalysis (EDX) exhibited
qualitative analysis of the artificial adamite before the
bioleaching treatment. The main
components were detected as Zn,
As and O

crystalline symmetry, as confirmed by Hawthorne
(1976) and Xu et al. (2014). Our previously published
work identified adamite’s crystallographic symmetry,
the structural and fraction coordinates and parameters,
including the a-, b- and c-axis ratio and unit cell volume
(Kolenčík et al. 2011).
VESTA software visualized unit cell dimension from
the obtained crystallographic parameters (Momma and
Izumi 2011). The adamite structure (Fig. 4) consists of
coordinated tetrahedrons with arsenic in the centre and
surrounded by four oxygen atoms. In contrast, zinc
exists in two polyhedral forms: Zn(1) is coordinated
with five oxygen atoms, forming a distorted trigonal
bipyramid, and Zn(2) has six oxygen atoms forming
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Fig. 3 X-ray diffraction patterns
of artificial adamite a before bioleaching procedure and b after
leaching procedure with
redistilled water

Fig. 4 Crystal structure of
adamite (Zn2AsO4OH) designed
in program VESTA from X-ray
diffraction data and gained
crystallographic parameters.
Localization of weaker adamite
bonds (preferential
biodeterioration sites)
corresponds to interatomic
relationship between O-OH
groups, especially in the a-axis
direction situated on the ab-plane
horizontal interlayer
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an octahedron. While Zn(1) occurs in couples with a
mutual edge, the Zn(2) octahedron is shared with
neighbouring octahedrons, forming chains parallel to
c-axis.
Structural adamite forms are defined by orthorhombic crystal symmetry and space group Pnnm, as
examined by Hawthorne (1976) and Xu et al. (2014).
The latter authors determined natural adamite anisotropic compression based on angle-dispersive X-ray diffraction analysis and diamond anvil cell methodology. Their
results demonstrated that adamite has the highest sensitivity to pressure treatment in the a-axis direction, rather
than b- or c-axis. The visualized 3D adamite model has
energetic–structural integrity (Fig. 4) as in Xu et al.
(2014) and Hazen and Finger (1979), and we contend
that the energetic binding is preferentially disrupted by
bacterial strains at the most sensitive bonds in the a-axis
direction. These are weak H-bonds between the OH
groups and the O-AsO3 group oxygen, as confirmed
by Hawthorne’s (1976) infrared spectroscopy. A further
considerable factor for adamite’s directionally situated
lowest a-axis bonding energy is from the Zn(VI)-O
chemical attraction localized approximately 30° from
the a-axis in the horizontal ab plane direction (Xu
et al. 2014). The increased rigidity of bonds located at
the shared edges or planes parallel to c-axis is likely due
to the existing octahedrons in the form of
Zn(VI)O4(OH)2 (Hazen and Finger 1979).
Bacteria can profit energetically from initiation of
surface attachment where energy changes occur during
redox reactions. These reactions are conducted by biochemical acceptance of electrons from the outer layer of
atoms involved in atomic structure or by delivery of
electrons to atoms which are intermediate or terminal
electron acceptors in the respiratory electron transport
chain (Diao et al. 2014a; Gadd 2007; Velvizhi and
Mohan 2015). Furthermore, the spatial pressure located
mainly in the near-field adamite layer generates various
types of physio-chemical interactions in biofilm-modesof-action. The mineral surface is continuously disrupted
by these interactions (Rao et al. 2010), especially in
specific deformation areas, and our experimental systems of in vitro, long-term, static cultivation confirmed
gradual destruction of the crystal structure and metal(loid) mobilization. Here, the most efficient bacterial
strains were Pseudomonas which formed a distinct
Bbacterial suspension^ with a visible biofilm, and evidence exists that intense growth of bacteria manifests
resistance to releasing elements (Harrison et al. 2007;
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Teitzel and Parsek 2003) and this is responsible for
destruction of adamite. After adamite’s dissolution, no
new solid phase, which should resulted from adamite
(bio)transformation, was detected in the culture
medium.

4 Conclusions
Our study examined the effectiveness of heterotrophic
leaching of zinc and arsenic from artificial adamite by
seven different bacterial species, and results indicate that
Pseudomonas species are the most efficient. These
strains were isolated from arsenic contaminated sites at
Zemianske Kostoľany and the Slovinky district in Slovakia. The Pseudomonas species are confirmed less
susceptible to adverse adamite effects which affect their
higher adaptation capacity than other bacterial isolates,
including Rhodococcus sp. and Cupriavidus sp. Our
study further highlights that the P. chlororaphis ZK-1
bacterial strain is the most efficient at bioleaching, releasing more than 90% arsenic and over 10% zinc.
Scanning electron microscopy revealed columnar
and tabular morphological forms with particle size distribution ranging from 10 to 100 μm. No significant
differences were observed before and after adamite
leaching in distilled water and media-free leaching,
and complete destruction of adamite structure was detected in the bioleaching treatment. X-ray analysis of the
construction of adamite in the VESTA visualization
system for electronic and structural analysis enabled us
to identify Bweaker^ bonds in the adamite structure.
These correspond to the inter-atomic relationship between O-OH groups, especially in the a-axis direction
situated on the ab-plane horizontal interlayer. Artificial
adamite isostructured with the model–Pnnm space
group takes advantage of its ideal crystal symmetry.
This is crucial in evaluating mineral environmental stability, deterioration processes and geochemical behaviour, and it is equally profitable for both natural, uncontrolled environmental processes and technological applications such as controlled metal leaching.
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